Abstract-We describe a new RF and microwave power sensor monolithic microwave integrated circuit design. The circuit incorporates a number of advances over existing designs. These include a III-V epitaxial structure optimized for sensitivity, the figure-ofmerit applicable to the optimization, a mechanism for in-built detection of load ageing and damage to extend calibration intervals, and a novel symmetrical structure to linearize the high-power end of the scale.
New Thermocouple-Based Microwave/MillimeterWave Power Sensor MMIC Techniques in GaAs Another design using indirect heating is reported in [4] and [5] . Advances in this design are substantially associated with geometrical layout for improved high-frequency response and optimum sensitivity. The design employs an SiGe crystal and platinum electrodes on different substrates, chosen for their manufacturability and thermal conductivity. Reference [4] mentions the possibility of dispensing with the difficult blocking capacitor required for signal separation in the direct heating method, but users typically prefer ac coupling because it removes the risk of damage through exposure to dc current.
Use of the indirect heating method opens up a number of possibilities. The sensor monolithic microwave integrated circuit (MMIC) described in this paper employs the indirect method. This design introduces three innovations available to an indirect design that are not possible with a direct one. Firstly, epitaxial material is selected in the light of the detailed physical analysis of Section III to optimize the signal-to-noise ratio (SNR), and thus, dynamic range. Secondly, the circuit is electronically and geometrically symmetrical, as described in Section IV. It can work in the conventional way where thermal output voltage indicates temperature rise and thus dissipated power, but also in a "balanced mode" where a second resistor heats the "cold" junctions to set thermopile output to zero. When so balanced, the RF and secondary (dc) powers will be equal, and the power measurement is no longer subject to nonlinear thermal conductivity of substrates or thermocouple voltage, leading to a substantial improvement in linearity and reduction in calibration effort (and thus cost). Thirdly, an auxiliary circuit described in Section V is introduced to allow measurement of the terminating load resistance without otherwise disturbing the operation of the sensor. This innovation permits tracking of load resistor ageing or detection of overload-induced damage, opening the way to calibration-on-demand instead of calibration at regular intervals or when a malfunction is suspected from measured values.
II. THERMOPILE FIGURE OF MERIT (FoM)
Reference [4] states that "the indirect heating type thermocouple has the advantage that high detectivity is obtained" because "the number of thermocouples can be arbitrarily increased independent of the [load] resistor." This is a misleading view. The smallest temperature difference that can be observed above the noise (in a given bandwidth) is set not only by the output voltage of the pile for a given temperature difference, but also by the system noise. It is true that one may almost arbitrarily increase the number of thermocouples, and thus, the open-circuit dc voltage to be expected for a given temperature rise. However, increasing the number of couples for the fixed chip area requires 0018-9480/$26.00 © 2010 IEEE that each couple be made narrower, increasing the series resistance of each couple. It turns out that this does not improve the SNR, and thus does not improve the minimum power dissipation that can be detected.
Assuming that the thermal noise of the thermocouple series resistance is the dominant noise contribution to the system, as is the case with modern amplifying electronics, it is straightforward to show that sensitivity is limited by the epitaxial layer area (so-called "chip real estate") dedicated to the thermocouples. Any advantage to increasing the number of thermocouples in the direct heating method lies in increasing the sensor output voltage in comparison with accidental thermocouples created in connecting to the external electronics. The end result of the switch to "indirect heating," all other factors ignored, has been remarkably similar dynamic range in any given sensor, as evidenced by the performance of products in the marketplace, and our thermal simulations.
In order to design an optimum material with which to fabricate thermocouples, a suitable FoM is required. Assume that a certain area is available between hot and cold regions in a sensor. This area may be occupied by one or more pairs of material, each pair forming a thermocouple, and all may be wired in series to form a thermopile. The width of each thermocouple bar will be inversely proportional to the number of such bars, and for a given material the resistance of each bar will be inversely proportional to its width. With no current flowing, signal voltage will be proportional to the number of bars, and total resistance will be proportional to the square of the number of bars. The noise voltage contribution from a resistance is , where is absolute temperature, is bandwidth, is the value of the resistance, and is Boltzmann's constant. It is easy to show that SNR is independent of the number of bars for a given material. Also the SNR will be maximized if the Seebeck coefficient (the voltage developed) is maximized compared to the square root of the bar material resistivity. This observation leads to a FoM for the material of (1) where is the Seebeck coefficient and is the material bulk resistivity. 1 The epitaxial materials with the largest FoM will provide the highest sensitivity, all other factors being equal.
III. EPITAXY FOR THERMOCOUPLES
Materials in the III-V family can show very high Seebeck coefficients. [7] In order to select the best alternative, the FoM of (1) will be used. To this end one must calculate the open-circuit thermoelectric voltage, or Seebeck voltage, between two metal contacts placed at either end of a bar of n-type semiconductor subjected to a temperature gradient. The treatment below follows that of [8] , but is expanded to include degenerate statistics and explicitly includes the temperature-dependent mobility of the semiconductor. 1 Either bulk or sheet resistivity may be used in this case. The thickness of the epitaxial layer connects these. The thickness of the epi is limited by processing convenience and cost to about 2 m. Since we seek to minimize the final resistance of a thermocouple bar, the maximum convenient thickness will always be used, and it is possible to consider this factor as being fixed. There are two contributions that add to produce the open-circuit voltage. One arises from the electric field within the semiconductor bar as a result of the balance of electron drift and diffusion in the presence of the temperature gradient. The other arises from the difference in barrier heights of the two metal contacts caused by the difference in their temperatures. The energy diagram is depicted in Fig. 1 . We seek first the coefficient , the magnitude of the electric field induced by the temperature gradient divided by that gradient. We can write the current density in the bar as (2) where is the material conductivity, is the electric field, is the charge on the electron, is the distance along the bar, is the electron diffusion coefficient, and is the charge carrier concentration. In the case of an open circuit, , thus (2) may be expanded to (3) and so (4) Using the Einstein relation , (4) may be written in terms of the temperature-dependent electron mobility and the carrier density as
In (5), the low-field electron mobility is a function of and , , and fortunately values are well established for most semiconductors from Hall-effect measurements, e.g., see [9] and [10] . The electron density is given by the Fermi integral for all doping levels [11] (6) where (7) and is the Fermi energy in the semiconductor bar, is the energy of the conduction band edge, and is the conduction band density of states. Only when does the approximation hold, and (6) with (7) reduces to . As the doping level approaches , the errors using Boltzmann statistics become intolerable. For many doping levels of interest, such as cm in n-GaAs, the form with the full Fermi integral must be used. Unfortunately there is no simple algebraic expression for valid for all . Values are available in tabular form and approximate algebraic forms exist for various ranges of [11] , [12] . These sources may be used together with (6) and (7) to obtain and through (5) the Seebeck coefficient.
To calculate the first contribution to the thermoelectric voltage, the drift/diffusion term, the Seebeck coefficient is integrated along the n-type semiconductor bar using whatever arbitrary temperature profile that may exist along the bar
In many practical cases of interest the temperature difference between the ends of the bar, , is small. In these cases, it is possible to assume the Seebeck coefficient is constant, or , and that the temperature gradient is constant, or , so that (8) reduces to (9) To calculate the second contribution to the thermoelectric voltage, produced by the difference in barrier heights of the two metal contacts at different temperatures, we refer again to Fig. 1 . Since , the Fermi level must be constant along the entire length of the bar since any gradient would drive a current flow. The barrier height at the cooler junction , , is defined as the difference between the conduction band energy and the Fermi level, thus, . Likewise . For each contact, (6) gives (10) where the temperature dependence of the conduction band density of states has been explicitly factored out by defining the temperature-independent prefactor . Implicitly differentiating both sides with respect to temperature yields (11) and with (10), some algebra leads to (12) where denotes the differential function as usual. Differentiating (6) with respect to yields (13) and this may be substituted back into (12), using (7), to give (14) When , both and approach , which would simplify this equation considerably, but as above, this is not a safe approximation for many concentrations of interest.
It is now possible to assemble results and write an equation for the open-circuit voltage of the bar (15) where the first and last terms can be obtained in the general case by numerically inverting the Fermi integral in (10) to get the unknown from the known , , and
where indicates the inverse of the Fermi integral function that must be obtained numerically. The middle term of (15) is simply obtained already in (8) . In many practical cases, the temperature difference will be small and the gradient constant, in which case we can simplify and write it in differential form. Assume is fixed and . The change in open-circuit voltage, , can be expressed in terms of the incremental difference in temperature using the expressions derived above. We can identify the incremental increase in the bulk term, the middle term of (15), as (17) where is given by (5) . Similarly, comes from (14)
Now the rate of change of as a function of temperature difference can be written as This can be combined with material resistivity to obtain the material FoM. Some open-circuit voltage measurements were taken on selected material and compared with predictions to confirm the analysis and the correct execution of the evaluation software. The proposed FoM has been evaluated for a number of candidate materials by means of the method outlined above. The predicted FoM for a selection of the materials appears in Fig. 2 . It is clear that n-InGaAs offers the best performance, at a doping concentration around cm . However, n-GaAs offers almost as high a FoM. GaAs is considerably cheaper, and selective etch process technology for GaAs/InGaP (compared with InGaAs/InP) was well established so that was chosen for this MMIC.
IV. LAYOUT FOR BALANCED MODE
As intimated in Section I, this IC embodies a novel symmetrical layout [13] . Referring to Fig. 3 , there are two load resistors, one to handle RF power and a second supplied with dc power. These are of identical value equal to the characteristic impedance, typically 50 . The thermopile is laid out so as to compare the temperatures of the two resistors. Each series of junctions, nominally called the "hot" and "cold" sets, resides on an epitaxial web, as in [1] , signified by the dotted ovals in the figure. For lower power levels, thermocouple linearity is not an issue, the cold junctions are indeed left cold, and the open-circuit thermocouple voltage, , is straightforwardly related to the incident power. At higher power levels, thermocouples exhibit nonlinear behavior. This is typically partially corrected by analog or digital techniques, but ultimate accuracy suffers and calibration effort is increased. In the design presented here, the mode of operation switches from the simple hot/cold mode to balanced mode above a certain incident power level before linearity affects the measurement. In the balanced mode, dc power is supplied to the second load resistor so as to servo the thermocouple output voltage to zero. In the case of a perfectly symmetrical circuit, zero thermocouple voltage implies that the temperature of the RF resistor exactly equals that of the dc resistor. 2 Incident RF power is then straightforwardly related to the dc power that is readily accurately measured. This "balanced" mode circumvents issues with both the linearity of thermocouple voltage and linearity of material thermal conductivity. A simplified diagram explaining the layout is given in Fig. 4 . For reasons of thermal symmetry and ease of handling both resistors are laid out as two parallel resistances, each of twice the desired resistance within coplanar microwave manifolds, although one of these is never used with RF energy. A photomicrograph of a prototype MMIC appears in Fig. 5 .
The thermocouples depicted in Figs. 4 and 5 are a stacked design modeled on the sensors in [7] . One layer consisted of n-doped and the second p-doped material. This design has not been used in our final design because it suffered two problems. The insulating layer between the stacked materials forms a p-i-n diode style junction, and at higher temperatures and voltages Fig. 6 . Simplified layout diagram showing the idea behind the load resistor sensing arrangement. The figure shows only one of the coplanar manifolds, around which two long thin resistors have been added, leading to two additional bond pads. This schematic layout may be compared with an implementation shown in the photomicrograph in Fig. 7 . Fig. 7 . Photograph of a prototype IC with load sensing resistors added to the RF manifold. The two long high-value resistors lie between the ground and hot tracks of the coplanar waveguide manifold. The connections to the additional sensing pads are made on a separate metal layer so that the resistors may be accessed from below the coplanar ground tracks. The crossing conductors remain visible in the image, but do not connect.
it can show leakage. Also, reference to Fig. 2 shows that the FoM for p-material tends to be considerably lower than corresponding n-material, and it is possible to obtain a higher overall FoM using only one material for the semiconductor bars, and running thin metal conductors between the bars to achieve the series connections.
V. LAYOUT FOR LOAD SENSING
Referring back to Fig. 3 , the left-hand side shows a meter connected to the RF input through resistors. This is explained in more detail through the simplified layout of Fig. 6 . The idea is that in normal operation the sense and check connections remain grounded. The resistors leading from the hot RF connection, the center conductor of the coplanar waveguide manifold, are relatively large and have little impact. However, a low-frequency signal can be applied to the check line, and the magnitude of that signal appearing on the load resistor can be sensed by observing the open-circuit voltage on the sense pad. The check series resistance and load resistor form a divider, and thus the load resistor value can be determined [14] . Fig. 7 presents a photomicrograph of this function implemented on a later prototype MMIC. Second-layer metal is used to access the high-value isolation resistors, but the mechanism is fundamentally the same.
Ageing and damage in thermal sensors is most commonly manifested as an increase in the value of the load resistor. Damage is usually burnout or physical breakage of the load resistor, while ageing is commonly an increase in the resistance induced by ablation of the resistor material that is accelerated C measured on a prototype GaAs MMIC with n-GaAs/metal thermocouples.
at higher operating power. 3 The sense scheme described here allows the meter to detect this load resistance change. Sensors were originally designed to be recalibrated annually in order to guarantee accuracy. Many users discover that their usage patterns are less demanding, and the sensors do not fall out of calibration for years. The ability of the meter to sense its own resistor opens the possibility for calibration intervals to be extended greatly, approaching a calibration-on-demand scenario. It may turn out that another mechanism, such as connector mechanical wear, simply takes over as the dominant cause of need for recalibration. Fig. 8 shows the voltage measured as a function of power on a prototype circuit fabricated using n-GaAs thermocouple bars. The sensitivity is approximately 0.85 V/W or 850 V mW in the linear region of the response. Fig. 9 shows the sensitivity in V mW for a variety of base temperatures. The sensitivity is considerably higher than the 160 V mW achieved in [1] . The SNR of the circuit allows reliable measurement of power down to 33 dBm with a settling time constant well below 1 s. The thermopile MMIC operates over a range of powers from 100 mW to 0.5 W. The dynamic range of the MMIC is set by the lowest temperature difference that can be detected above the noise, and the largest temperature that can be tolerated without mechanical damage or severely decreased reliability. This temperature range is mapped to an input power range by the thermal conductivity between the hot and cold junctions. As the epitaxial web is made bigger, the thermal resistance increases. In the limit as the substrate is etched away, the metal connections dominate the conductivity instead of the substrate. In this design, the back-etch is made just large enough to reduce sensitivity of the design to etch tolerances, and transfer the responsibility for the mapping of power to temperature onto the more tightly controlled metal patterns. This results in a minimum detectable temperature rise in the order of 1/1000 of 1 , 0.001 C. Mechanical damage occurs above 500 mW or 27 dBm, but long-term MMIC reliability constraints demand a lower continuous rated input power level of about 100 mW or 20 dBm. The possibility exists to use the sensor MMIC for short periods at powers higher than 20 dBm, in exchange for reduced intervals between calibration and reduced MMIC life span, especially given the capacity to track load resistor wear.
VI. MEASURED PERFORMANCE

VII. CONCLUSION
Coaxial sensors up to 67 GHz are now using an MMIC that employs the advances presented here. The sensors employing circuits that embody the advances above offer increased sensitivity, and are expected to enable superior match, higher linearity at the top end of the dynamic range, and potentially dynamic calibration interval as features are progressively rolled out.
This paper does the following: 1) dispels the misconception that there is a relationship between the number of thermocouples used in an integrated circuit (IC) and the temperature measurement sensitivity that is achieved; 2) proposes a FoM useful for optimal selection of epitaxial material; 3) presents the physics required to accurately predict the FoM in compound semiconductor thermocouples; 4) identifies a suitable material that has been used to fabricate RF power sensing circuits; 5) describes a layout that enables in situ measurement of the load resistor without compromise in RF performance; 6) introduces a symmetrical layout and balance mode of operation that permits high natural analog linearity across the upper operating range of the IC. The company that funded this research chooses to retain a number of design features including the RF manifold design, precise epitaxial details, and backside etch technology as trade secrets. Nevertheless, the ideas presented here are key advances in an IC that has replaced the silicon-based circuit used previously in a line of thermal power sensors.
